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HEXAHYDROTRIAZINE, DITHIAZINE, AND
THIOETHER FUNCTIONALIZED
MATERIALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of co-pending U.S.
patent application Ser. No. 14/510,477, filed Oct. 9, 2014.
The aforementioned related patent application is herein
incorporated by reference in its entirety.

INCORPORATION BY REFERENCE

Various example polyhexahydrotriazine and polyhemi-
aminal materials and synthetic details related thereto are pro-
vided in commonly assigned, co-pending application Ser. No.
14/050,995, filed in the USPTO on Oct. 10, 2013, the entirety
of which is incorporated herein by reference.

BACKGROUND

The present disclosure relates to functionalized materials
and more specifically to triazine, dithiazine, and thioether
functionalized materials.

Synthesis of polyhexahydrotriazines (PHT) and polyhemi-
nal (PHA) by the reaction of aromatic diamines and
paraformaldehyde has been disclosed. These PHT and PHA
materials have many desirable properties and potential uses.
For example, PHT resins can be recycled to starting materials
upon exposure to strong acids even though the PHT resins are
initially highly crosslinked. PHT and PHA materials can also
be used to scavenge hydrogen sulfide and will react with
thiols to produce thioether polymers. It would, in general, be
desirable to incorporate features of PHT and PHA materials
into other materials.

SUMMARY

According to one embodiment of the present disclosure, a
method includes exposing a first monomer including a pri-
mary amine functional group to paraformaldehyde and a first
primary amine compound (R—NH,). Reaction between the
primary amine group on the first monomer with the paraform-
aldehyde and the first primary amine compound forms a
second monomer including a 1,3,5-hexahydrotriazine group.
The second monomer can then be polymerized. A first poly-
mer including the 1,3,5-hexahydrotriazine group can be thus
be formed using the second monomer. In an optional step, the
first polymer can be exposed to hydrogen sulfide to form a
dithiazine functionality. In a different optional step, the first
polymer can be exposed to a thiol compound to form a thio-
ether functionality.

According to another embodiment, a method includes
polymerizing a first monomer having a primary amine func-
tional group and forming a first polymer including the pri-
mary amine functional group. The first polymer is then
exposed to paraformaldehyde and a first primary amine com-
pound (R—NH,) and a second polymer including a 1,3,5-
hexahydrotriazine group is formed. In some embodiments,
the first primary amine compound can have the same chemi-
cal structure as the first polymer and/or may be a portion of
the first polymer.

According to still another embodiment, a polymer includes
a first polymeric repeat unit with a first pendant group having
a structure selected from:
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wherein each R group represents a radical unit including at
least one carbon and each starred (*) bond represents a point
of attachment to the first polymeric repeat unit.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts an exemplary synthetic scheme for prepar-
ing a 1,3,5-hexahydrotriazine functionalized monomer and a
1,3,5-hexahydrotriazine functionalized polymer

FIG. 2 depicts an exemplary synthetic scheme for prepar-
ing a 1,3,5-hexahydrotriazine functionalized polymer.

FIG. 3 depicts an exemplary synthetic scheme for prepar-
ing a chemically reversing crosslinked polymer material.

FIG. 4 depicts an exemplary synthetic scheme for prepar-
ing a chemically reversing crosslinkable monomer material.

FIG. 5 depicts an exemplary synthetic scheme for prepar-
ing a dithiazine functionalized polymer.

FIG. 6 depicts an exemplary synthetic scheme for prepar-
ing a thioether functionalized polymer.

FIG. 7 depicts an exemplary synthetic scheme for prepar-
ing a 1,3,5-hexahydrotriazine functionalized polymer from
an amino-substituted aromatic diol-type monomer.

FIG. 8 depicts an exemplary synthetic scheme for prepar-
ing a 1,3,5-hexahydrotriazine functionalized polymer from a
1,3,5-hexahydrotriazine-substituted  aromatic  diol-type
monomer.

DETAILED DESCRIPTION

In general, a series of example synthetic schemes for
preparation of polymers and polymer precursors having vari-
ous functional groups is provided. These synthetic schemes
are used to prepare polymeric, oligomeric, or monomeric
materials incorporating 1,3,5-hexahydrotriazine moieties.
These 1,3,5-hexahydrotriazine moieties can be further
reacted to form dithiazine and thioether moieties. In certain
synthetic schemes, 1,3,5-hexahydrotriazine moieties are
incorporated as crosslinker groups for providing crosslinked
polymeric materials. Crosslinker groups formed with
hexahydrotriazine moieties provide chemically reversible
crosslinks, which allow such otherwise intractable
crosslinked polymeric materials to be recycled and/or repro-
cessed by removal/reversal of crosslinks.

Polymeric materials prepared according to the example
schemes correspond to following structure:

BB—PG

where BB is a polymeric or oligomeric group. In some
embodiments, BB has a structure incorporating at least one of
the following chemical structures:
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and PG has a chemical structure corresponding to one of the
following:

where “R” corresponds to a radical unit including at least one
carbon atom. “R” may be the same or different in each
instance of use within the depicted chemical structures. That
is, two or more “R” groups depicted in a single chemical
structure are not necessarily the same radical unit, though
they may be the same in some embodiments. Without limita-
tion, a radical unit depicted as “R” may include an alkyl
group, an aryl group, a silane group, an alkyne group, an
alkene group, an alcohol group, an epoxide group, an amine
group, a cyanate group, a carboxylic acid group, an ester
group, a phenolic group, and/or a succinimide group. In spe-
cific embodiments, the radical unit depicted as “R” may be a
methyl group, a methanol group, a primary amine substituted
alkyl group, a tertiary amine substituted alkyl group, or a
triethoxysilane group. “R” may also represent a portion of
polymeric or oligomeric chain having a structure correspond-
ing to the depicted BB. The starred (*) bond of the depicted
BB and PG groups represent points of linkage between the
BB and PG groups—that is, the starred (*) bond in the BB
group is directly linked to the starred (*) bond in the PG
group.

Certain example synthetic schemes of the present disclo-
sure depict preparation and/or use of poly(4-aminostyrene)
precursors, poly(4-aminostyrene) intermediates, and poly(4-
aminostyrene) derivates. However, these examples are for
purposes of explanation of various aspects of the present
disclosure and should not be considered limiting. Other poly-
meric, oligomeric, and monomeric materials, precursors,
intermediates, and derivates may be prepared and/or used
according to the present disclosure. For example, 1,3,5-
hexahydrotriazine moieties in monomeric, oligomeric, and
polymeric materials can also be formed using amino-func-
tionalized methacrylate materials, such as 2-amino-ethyl
methacrylate, as starting material. Additionally, amino-func-
tionalized polyaromatic carbonates, aliphatic polycarbon-

10

20

25

30

40

45

50

55

60

65

4

ates, and poly(aryl ethers) can be used as starting materials for
formation of 1,3,5-hexahydrotriazine moieties according to
the present disclosure. In some embodiments, the starting
material may be an amino-functionalized diol-type monomer
such as 2-aminobenzene-1,4-diol or an amino-functionalized
bisphenol-type monomer such as 2-amino-4-(3-amino-4-hy-
droxyphenyl)phenol or 2-amino-4-[2-(3-amino-4-hydrox-
yphenyl)propan-2-yl]phenol that may be polymerized in
step-growth polymerizations or condensation-type polymer-
izations. In some embodiments, the monomer used as a start-
ing material may be one of an amino-substituted styrene, an
amino-substituted bisphenol, an amino-substituted aromatic
diol, and an amino-substituted methacrylate. In this context,
“poly(aryl ethers)” are polymers including aromatic (e.g.,
phenylene) and ether-type (—O—) linkages in the BB group.

In general, the BB group may be formed by any polymer-
forming reaction in which a primary amine moiety can be a
spectator—that is, uninvolved (or substantially uninvolved)
in the polymerization reaction. Polymerization methods for
forming the BB group include chain-growth polymerizations
(e.g., free radical type polymerizations) and step-growth
polymerizations (e.g., condensation polymerizations or addi-
tion polymerizations). In a particular example, nucleophilic
aromatic substitution polymerizations can be used to form
polymers including primary amine groups, which can then be
used in formation of the above depicted PG groups. Many
bisphenol compounds having at least one primary amine
group thereon are available for formation of suitable poly-
meric materials via this route. Alternatively, some polymeric
materials may be functionalized after polymerization to
incorporate primary amine groups that then may be used in
the formation of the above depicted PG groups.

Referring now to FIG. 1, an exemplary synthetic scheme
for preparing a 1,3,5-hexahydrotriazine functionalized
monomer and a 1,3,5-hexahydrotriazine functionalized poly-
mer is depicted. A starting material 10 includes a polymeriz-
able group 20, a body group 30 connected to the polymeriz-
able group 20, and a primary amine moiety 40 connected to
the body group 30. Starting material 10 is reacted with a
primary amine (R—NH,) (a first primary amine compound)
and paraformaldehyde ((CH,0),) to form 1,3,5-hexahydrot-
riazine functionalized monomer 50. 1,3,5-hexahydrotriazine
functionalized monomer 50 maintains the polymerizable
group 20 and body group 30 from the starting material 10,
however the primary amine moiety 40 reacts with primary
amine (R—NH,) and paraformaldehyde ((CH,0),) to form
1,3,5-hexahydrotriazine moiety 60 as depicted. The “R”
group of the primary amine (R—NH,) is not specifically
limited according to the present disclosure, but in this
example “R” includes at least one carbon atom. The 1,3,5-
hexahydrotriazine moiety 60 is linked to two “R” groups from
the primary amine(s)—one at each of the nitrogen atoms at
the nominal “3” and “5” positions of the triazine ring. The
nitrogen atom at the nominal “1” position of the triazine ring
is bonded to body group 30. The respective “R” groups linked
to “3” and “5” nitrogen atoms in the 1,3,5-hexahydrotriazine
moiety 60 do not necessarily have the same chemical struc-
ture and may be different from each other if, for example, a
mixture of different primary amine compounds is provided in
the reaction mixture.

The primary amine (R—NH,) reacted with starting mate-
rial 10 can be, without limitation, (3-aminopropyl)triethox-
ysilane (APTES), methylamine (CH,NH,), a primary amine
substituted alkyl chain such as 1-ethylamine (CH;CH,NH,),
1-propylamine (CH;CH,NH,), or longer alkyl chains of gen-
eralized formula (CH;(CH,), NH,), benzylamine (1-phenyl-
methanamine) (C;,H;CH,NH,), isopropylamine (propan-2-
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amine) ((CH;),CH,NH,)) or branched alkyl chains with at
least one primary amine functional group substituted thereon.
The primary amine (R—NH,) may also be a mixture of two or
more primary amines of different structures.

1,3,5-hexahydrotriazine functionalized monomer 50 can
be polymerized (via reaction of polymerizable group 20) to
form 1,3,5-hexahydrotriazine functionalized polymer 70.
1,3,5-hexahydrotriazine functionalized polymer 70 has a
polymeric backbone 80 and, as depicted in FIG. 1, pendant
1,3,5-hexahydrotriazine moiety 60 groups (via body group
30) on each of “n” repeat units. The number of repeat units
(“n”) (i.e., the degree of polymerization) of a 1,3,5-hexahy-
drotriazine functionalized polymer 70 is not specifically lim-
ited and may be any number accessible by the selected poly-
merization method. For example, a free radical initiated
polymerization method may result in a polymeric material
having a few hundred to several thousand repeat units on
average. And while each individual molecule of 1,3,5-
hexahydrotriazine functionalized polymer 70 has a specific,
integer value of “n,” 1,3,5-hexahydrotriazine functionalized
polymer 70 as a material (as compared to an individual mol-
ecule of a material) will generally have a distribution of
different “n” values rather than a single “n” value.

The polymerization of 1,3,5-hexahydrotriazine functional-
ized monomer 50 may be performed by any available tech-
nique, for example, and without limitation, the polymeriza-
tion method can be radical-initiated or anionic-catalyzed
solution phase polymerization, emulsion polymerization,
suspension polymerization. The polymerization technique
may be used to generate a polymer network, a star polymer, a
copolymer, or a hyper-branched polymer according to the
selected reaction conditions and methods.

While 1,3,5-hexahydrotriazine functionalized polymer 70
is depicted in FIG. 1 as a homopolymer (i.e., one type of
repeat unit only), it is understood by those of ordinary skill in
the art that other repeat unit types can be included in 1,3,5-
hexahydrotriazine functionalized polymer 70. For example,
inclusion of other monomeric materials having a polymeriz-
able group similar to or the same as polymerizable group 20,
it is possible to provide copolymers incorporating 1,3,5-
hexahydrotriazine functionalized monomer 50 as one of at
least two repeating groups. As a specific example, 1,3,5-
hexahydrotriazine functionalized monomer 50 could be poly-
merized in the presence of styrene monomer to generate a
copolymer including both styrene repeat units and 1,3,5-
hexahydrotriazine functionalized repeat units.

A copolymer incorporating repeat units corresponding in
structure to 1,3,5-hexahydrotriazine functionalized polymer
70 can be a random copolymer, alternating copolymer, peri-
odic copolymer, statistical copolymer, and/or a block copoly-
mer according to the selected copolymerization method and
the selected co-monomer(s). Additionally, the number of dif-
ferent types of repeating units in a copolymer is not limited to
two, but may also be three or more types.

As known in the art, depending on selected polymerization
method, 1,3,5-hexahydrotriazine functionalized polymer 70
may also incorporate various end-chain groups (“end
groups”) that are not specifically depicted in FIG. 1, but
which are understood to be present according to the polymer-
ization method used in forming the 1,3,5-hexahydrotriazine
functionalized polymer 70.

Polymerizable group 20 is depicted as a vinyl moiety on a
phenyl ring type body group 30. However, this is a specific
example presented for purposes of explanation only. Poly-
merizable group 20 is not limited to a vinyl moiety directly
linked to a phenyl ring (that is, polymerizable group 20 and
body group 30 do not have to collectively form a styrenyl
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group). For example, starting material 10 can be a primary
amine functionalized methacrylate material. In other
examples, starting material 10 can be a primary amine func-
tionalized aromatic diol-type monomer or a primary amine
functionalized bisphenol-type monomer that could be poly-
merized via nucleophilic aromatic substitution (S,Ar) reac-
tion with a material such as, for example, 1-fluoro-4-(4-fluo-
robenzenesulfonyl)benzene.

FIG. 2 depicts an exemplary synthetic scheme for prepar-
ing a 1,3,5-hexahydrotriazine functionalized polymer. When
compared to FIG. 1, FIG. 2 depicts a route from starting
material 10 to 1,3,5-hexahydrotriazine functionalized poly-
mer 70 that does not proceed through the 1,3,5-hexahydrot-
riazine functionalized monomer 50. Rather, according to the
scheme of FIG. 2, the starting material 10 is first polymerized
to primary amine functionalized polymer 90, which is then
reacted with a primary amine (R—NH,) and paraformalde-
hyde ((CH,0),,) to from 1,3,5-hexahydrotriazine functional-
ized polymer 70. The 1,3,5-hexahydrotriazine functionalized
polymers 70 prepared according to FIG. 1 and FIG. 2 are
substantially similar and the primary amine (R—NH,) used
in the scheme depicted in FIG. 2 is as described above with
respect to the scheme depicted in FIG. 1. While primary
amine functionalized polymer 90 is depicted as a homopoly-
mer in FIG. 2, it may also be copolymer having two or more
different types of repeat units.

A potential advantage of the scheme of FIG. 2 is the poly-
merization method and conditions used to form primary
amine functionalized polymer 90 may be selected without
regard to the presence of 1,3,5-hexahydrotriazine moiety 60
and the “R” groups attached thereto. For example, the
intended “R” groups in the final product 1,3,5-hexahydrotri-
azine functionalized polymer 70 may include moieties which
are susceptible to reactions with radicals or other catalysts
used in the formation of primary amine functionalized poly-
mer 90. For example, the “R” group may include alkyne or
alkene functionalities. The synthesis of primary amine func-
tionalized polymer 90 could also include exposure to acids,
which would react with a 1,3,5-hexahydrotriazine moiety 60
if it was present.

The synthetic route to primary amine functionalized poly-
mer 90 is depicted in FIG. 2 as a single step from starting
material 10; however synthesis of polymer 90 may be more
complex. For example, primary amine functionalized poly-
mer 90 could be a portion of a graft polymer, a comb polymer,
a block copolymer, a star polymer, a hyper-branched poly-
mer, or the like requiring a multiple step synthetic process.
Also, because primary amine functionalized polymer 90 is
separately synthesized, it can be “pre-processed” before the
reaction step used for forming 1,3,5-hexahydrotriazine func-
tionalized polymer 70. For example, primary amine function-
alized polymer 90 can be sorted/filtered by molecular weight
and/or purified by existing techniques after it is synthesized
and before forming 1,3,5-hexahydrotriazine functionalized
polymer 70.

FIG. 3 depicts an exemplary synthetic scheme for prepar-
ing a chemically reversing crosslinked polymer material.
When compared to FIG. 2, FIG. 3 depicts a route to a
crosslinked polymer 100 from starting material 10 through a
primary amine functionalized polymer 90. The initial poly-
merization step from starting material 10 to polymer 90 is the
same as depicted in FIG. 2; however, instead of reacting
polymer 90 with an additional primary amine (R—NH,),
only paraformaldehyde ((CH,0),,) is specifically provided to
the reaction mixture. Thus, in effect, the primary amine group
40 on polymer 90 serves as the additional primary amine
(R—NH,) in the scheme, and the resulting crosslinked poly-



US 9,228,034 B1

7

mer 100 includes a 1,3,5-hexahydrotriazine moiety 60 link-
ing three different body groups 30, which in turn are linked to
three polymerized groups 80. The primary amine groups 40
serving as the primary amine (R—NH,) may be located on
different polymer chains or may be different repeat units
within the same polymer chain. In such situations, the “R”
group of the primary amine (R—NH,) includes a body group
30 and a polymerized group 80 along with the other repeat
units connected thereto.

In general, all other things being equal, a crosslinked mate-
rial has improved mechanical strength and thermal stability as
compared to the non-crosslinked material. But crosslinked
materials are typically difficult to remove, recycle, or repro-
cess. However, the 1,3,5-hexahydrotriazine moiety 60 is
chemically reversible to its precursor materials when exposed
to acid. Thus, crosslinked polymer 100 can be reverted to its
precursors (primary amine functionalized polymer 90 and
paraformaldehyde) upon exposure to acid. Thus, crosslinked
polymer 100 can be “de-crosslinked” and thus becomes
removable, recyclable, and reprocessable even after being
cured/set. For example, while crosslinked polymer 100 would
generally (assuming a significant crosslink density) be
insoluble in common solvents, primary amine functionalized
polymer 90 can be selected so as to be soluble in various
common solvents.

A crosslinked material incorporating 1,3,5-hexahydrotri-
azine moiety 60 can also be reformed (re-crosslinked) after
breakdown by subsequently exposing the de-crosslinked
material to paraformaldehyde. Thus, materials incorporating
1,3,5-hexahydrotriazine moiety 60 based crosslinks can be
de-crosslinked and re-crosslinked on demand. This type of
chemically reversible crosslinking provides access to poly-
meric materials with the ability to be reworked, healed, repro-
cessed, and/or removed as required.

In a particular embodiment, crosslinked polymer 100 can
be a bead for use as chromatographic packing material. For
example, crosslinked polymer 100 can be a crosslinked poly-
styrene bead.

FIG. 4 depicts an exemplary synthetic scheme for prepar-
ing a chemically reversing crosslinkable monomeric mate-
rial. While FIG. 3 depicts a scheme for preparing a chemically
reversible crosslinked resin from a primary amine function-
alized polymer 90, an alternative method for forming a
chemically reversible crosslinked resin would be to polymer-
ize a chemically reversing crosslinkable monomer 110 with
other types of monomer material, for example styrene mono-
mer. Alternatively, monomer 110 could be self-polymerized
without addition of other monomer types.

In a particular embodiment, crosslinkable monomer 110
can be polymerized along with styrene to form a crosslinked
polystyrene bead for use as chromatographic packing mate-
rial as an example. Such crosslinked beads may be formed
using suspension or emulsion polymerization techniques to
provide controlled bead sizes. The presence of 1,3,5-hexahy-
drotriazine moiety 60 in the crosslinked beads would allow
for “de-crosslinking” upon exposure to acids such that the
initially crosslinked beads could subsequently be dissolved
by solvents for removal, recycling, or reprocessing. 1,3,5-
hexahydrotriazine moiety 60, as will be discussed further
below, can be converted to other functional groups such as
thioether and a dithiazine. These groups in turn can be reacted
to form various other functional groups allowing the beads to
be processed to include a variety of different functional
groups.

FIG. 5 depicts an exemplary synthetic scheme for prepar-
ing a dithiazine functionalized polymer from a 1,3,5-hexahy-
drotriazine functionalized polymer. A 1,3,5-hexahydrotriaz-
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ine functionalized polymer 70, prepared as described in
association with FIG. 1 or FIG. 2, for example, is reacted with
hydrogen sulfide (H,S) to form dithiazine functionalized
polymer 120. When exposed to H,S, 1,3,5-hexahydrotriazine
moiety 60 converts to dithiazine moiety 130, consequently
1,3,5-hexahydrotriazine functionalized polymer 70 converts
to dithiazine functionalized polymer 120 upon exposure to
H,S. Such H,S exposure may be for purposes of forming the
dithiazine functionalized polymer 120 for a subsequent use,
or may occur during the use of 1,3,5-hexahydrotriazine func-
tionalized polymer 70 as a sulfur-scavenging material when,
forexample, 1,3,5-hexahydrotriazine functionalized polymer
70 is included in a oil or natural gas storage tank or pipeline as
a coating, an additive, or a filtration medium. In some
embodiments, the filtration medium may comprise
crosslinked beads formed via suspension or emulsion poly-
merization techniques. In various embodiments, the filtration
medium can be packed into a column, coated on a substrate,
or formed into a fabric or mesh.

FIG. 6 depicts an exemplary synthetic scheme for prepar-
ing a thioether functionalized polymer from a 1,3,5-hexahy-
drotriazine functionalized polymer. 1,3,5-hexahydrotriazine
functionalized polymer 70, prepared as described in associa-
tion with FIG. 1 or FIG. 2, for example, is reacted with a thiol
(R—SH) compound to form thioether functionalized poly-
mer 140. When exposed to a thiol, 1,3,5-hexahydrotriazine
moiety 60 converts to thioether moiety 150, consequently
1,3,5-hexahydrotriazine functionalized polymer 70 converts
to thioether functionalized polymer 140 upon exposure to a
thiol. Without limitation, the thiol (R—SH) compound can be
thiophenol, methyl mercaptan (methanethiol), or ethyl mer-
captan (ethanethiol).

FIG. 7 depicts an exemplary synthetic scheme for prepar-
ing a 1,3,5-hexahydrotriazine functionalized polymer from
an amino-substituted aromatic diol-type monomer. In the
depicted scheme, starting material 160 is polymerized with
starting material 165 in the presence of, for example, potas-
sium carbonate (K,CO;) and a solvent (such as N-methyl-2-
pyrrolidone (NMP)) to form a primary amine substituted
polymer 170 via, for example, a nucleophilic aromatic sub-
stitution reaction. Primary amine substituted polymer 170 is
conceptually similar to primary amine functionalized poly-
mer 90 and may be consider a specific example of primary
amine functionalized polymer 90 having a structure in which
body groups 30 and polymerized groups 80 are structurally
the same components rather than distinct components as
depicted in FIG. 2, for example. Primary amine functional-
ized polymer 170 can be isolated/purified and then may be
reacted with a primary amine (R—NH,) and paraformalde-
hyde ((CH,0),,) to from 1,3,5-hexahydrotriazine functional-
ized polymer 180. In some embodiments, it may be preferable
to react primary amine functionalized polymer 170 with the
primary amine (R—NH,) and paraformaldehyde at relatively
low temperatures, such as at or below approximately 50° C. to
avoid unwanted side reactions.

1,3,5-hexahydrotriazine functionalized polymer 180 is
conceptually similar to 1,3,5-hexahydrotriazine functional-
ized polymer 70 described above. As such, 1,3,5-hexahydro-
triazine functionalized polymer 180 may also be reacted
according to the schemes depicted in FIG. 5 and FIG. 6 to
form corresponding dithiazine functionalized polymers and
thioether functionalized polymers, respectively.

While starting material 160 in FIG. 7 is depicted as 2-ami-
nobenzene-1,4-diol, this is a specific example for purposes of
explanation only. In general, starting material 160 may be an
aromatic diol-type monomer including at least one primary
amine substituted aromatic ring or a bisphenol monomer
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including at least one primary amine substituted aromatic
ring. For example, starting material 160 may be selected from
a group of compounds including the following:

NH,
HO OH,
H,N NH,
" O O o
HN NH,

Starting material 165 is specifically depicted as 1-fluoro-
4-(4-fluorobenzenesulfonyl)benzene. However, this is a spe-
cific example provided for purposes of explanation only and
starting material 165 is not limited to this material. For
example, other leaving groups besides fluorine (fluoride ion)
could be included in starting material 165. Other halides or
tosylate (TsO™) (CH,C4H,SO,) could be adopted as the leav-
ing groups in starting material 165. In general, starting mate-
rial 165 should have at least two accessible leaving groups
(e.g., fluoride ions) bonded to aromatic rings so polymeriza-
tion with starting material 160 (or starting material 190 (see
FIG. 8)) may occur via, for example, nucleophilic aromatic
substitution reactions. Reaction between starting material
160 and starting material 165 is, in general, promoted by the
presence of an electron withdrawing group on the aromatic
ring to which the leaving group is attached. Starting material
165 is depicted in FIG. 7 with a sulfonyl group (—SO,—) as
the electron withdrawing group, though other electron with-
drawing groups may be incorporated instead of or in addition
to the sulfonyl group. Thus, as an example scheme, starting
material 160 and starting material 165 can be polymerized
with each other to form a amino-substituted polysulfone via
nucleophilic aromatic substitution. The amino-substituted
polysulfone may then be subsequently reacted with a primary
amine (R—NH,) and paraformaldehyde ((CH,0),) to pro-
vide a polymeric material having a pendant 1,3,5 hexahydro-
triazine moiety. It may be preferable to isolate or purify the
amino-substituted polymer (e.g., polymer 170) before react-
ing it with the primary amine (R—NH,) and paraformalde-
hyde ((CH,0),).

In some embodiments, when two or more primary amine
functional groups are present in starting material 160, the
corresponding 1,3,5-hexahydrotriazine functionalized poly-
mer 180 formed from the starting material 160 may have two
or more 1,3,5-hexahydrotriazine moieties and, as such, the
corresponding 1,3,5-hexahydrotriazine functionalized poly-
mer 180 may have a repeat unit including two or more 1,3,5-
hexahydrotriazine moieties.

In addition, starting material 160 may in some embodi-
ments be processed similarly to starting material 10 as
depicted in FIG. 4 to form a material conceptually similar to
chemically reversing crosslinkable monomer 110. That is, for
example, to form a material such as starting material 190 (see
FIG. 8) wherein each R group of starting material 190 is a
hydroquinone moiety. In forming a material similar to chemi-
cally reversing crosslinkable monomer 110 from starting
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material 160, it may be necessary to protect the phenol-type
(—OH) moieties of starting material 160 before the starting
material 160 is exposed to paraformaldehyde ((CH,0),).

FIG. 8 depicts an exemplary synthetic scheme for prepar-
ing a 1,3,5-hexahydrotriazine functionalized polymer from a
1,3,5-hexahydrotriazine-substituted  aromatic  diol-type
monomer. In FIG. 8, starting material 190 is reacted with
starting material 165 in the presence of in the presence of
potassium carbonate (K,CO;) and a solvent (such as N-me-
thyl-2-pyrrolidone (NMP)) to form 1,3,5-hexahydrotriazine
functionalized polymer 180.

As depicted in FIG. 8, starting material 190 is a 1,3,5-
hexahydrotriazine functionalized aromatic diol-type mono-
mer and starting material 165 is the same as described with
respect to FIG. 7. In general, starting material 190 is not
limited to specific structure depicted in FIG. 8, but may be any
one of a 1,3,5-hexahydrotriazine functionalized aromatic
diol-type monomer or a 1,3,5-hexahydrotriazine functional-
ized bisphenol-type monomer. For example, starting material
190 can be prepared by reaction of starting material 160 with
a primary amine (R—NH,) and paraformaldehyde
((CH,0),,) according to a reaction scheme conceptually simi-
lar to the reaction of starting material 10 to form 1,3,5-
hexahydrotriazine functionalized monomer 50, as described
with respect to FIG. 1; however, synthesis of starting material
190 may require first protecting the phenol-type (—OH) moi-
eties of starting material 160 before the starting material 160
is exposed to paraformaldehyde ((CH,0),). In some embodi-
ments, it may be possible to use a protected version of starting
material 190 (that is, starting material 190 with protecting
groups still at the phenol-type (—OH) positions) directly in
the polymerization reaction with starting material 165 since
condensation reaction conditions (e.g., high temperatures)
may be selected that remove the protecting groups from the
protected version of starting material 190, effectively making
(unprotected) starting material 190 available for reaction with
starting material 165.

In some embodiments, when two or more primary amine
functional groups are present in starting material 160, the
corresponding starting material 190 formed from starting
material 160 may have two or more 1,3,5-hexahydrotriazine
moieties and, as such, the corresponding 1,3,5-hexahydrotri-
azine functionalized polymer 180 may have a repeat unit
including two or more 1,3,5-hexahydrotriazine moieties.

“R” as used in the above descriptions of chemical struc-
tures refers to a radical unit including at least one carbon
atom. “R” may be the same or different in each instance ofuse
within a chemical structure. That is, two or more “R” groups
depicted in a single chemical structure are not necessarily the
same radical unit, though they may be the same in some
embodiments. Additionally, “R” depicted in different chemi-
cal structures or compounds is not necessarily the same radi-
cal unit and may, in general, be independently selected. With-
out limitation, a radical unit depicted as “R” may include an
alkyl group, an aryl group, a silane group, an alkyne group, an
alkene group, an alcohol group, an epoxide group, an amine
group, a cyanate group, a carboxylic acid group, an ester
group, a phenolic group, and/or a succinimide group. In spe-
cific embodiments, the radical unit depicted as “R” may be a
methyl group, a methanol group, a primary amine substituted
alkyl group, a tertiary amine substituted alkyl group, or a
triethoxysilane group. In some embodiments, “R” may rep-
resent a portion of a polymeric or oligomeric chain.

In general, in this specification and accompanying figures,
when a molecular structure includes a repeating group des-
ignated as repeating for “n” units, this designation indicates
that the material is polymeric or oligomeric rather than that
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“n” has a specific numerical value and the different instances
of “n” within formulas or figures are not required to have the
same numerical value. Furthermore, polymeric and oligo-
meric materials (as compared to a single molecule of a poly-
meric or oligomeric material) may have a distribution of
chain lengths (“n” values) rather than a single chain length
(“n” value). Thus, when referring to polymeric or oligomeric
materials rather than an individual molecule of such materi-
als, “n” need not be a specific numerical value or even an
integer value, but rather may correspond to some averaged
value for the distribution of the degree of polymerization for
molecules within the material. The specific distribution of “n”
values is generally determined by the details (e.g., relative
amount of initiator to monomer, temperature, reaction times,
method of polymerization, etc.) of the process used in form-
ing the polymeric or oligomeric material, but materials may
also subsequently processed (e.g., sorted/separated by size
after synthesis) to alter the distribution of “n” values. Simi-
larly, in this specification and accompanying figures, within
molecular formulas that include different repeating groups
(e.g., as in crosslinked polymer 100), each of the different
repeating groups may be designated as repeating for “n”
units; however, in this context, this does not imply each of the
different repeating groups within the molecular formula
repeats for the same specific “n” value (though without limi-
tation these “n” values may also be the same). In general, the
value of “n” for any specific molecule of a polymeric material
may be any number that is accessible by at least one polymer-
ization method and the value of “n” is not otherwise limited.
For example, in some embodiments, “n” for a specific mol-
ecule may be any number greater than one (1) and less than or
equal to about three hundred (300). In other embodiments,
“n” for a specific molecule may be any number greater than or
equal to about ten (10) and less than or equal to about one
hundred (100). In some embodiments, when a 1,3,5-hexahy-
drothiazine, dithiazine, or thioether monomer group is
included in a copolymer, the value of “n” associated with such
a monomer group may be equal to or greater than one (1) and
less than or equal to about three hundred (300). In other
embodiments, when a 1,3,5-hexahydrothiazine, dithiazine, or
thioether monomer group is included in a copolymer, the
value of “n” associated with such a monomer group may be
equal to or greater than about ten (10) and less than or equal
to about one hundred (100).

The descriptions of the various example embodiments
have been presented for purposes of illustration, and are not
intended to be exhaustive representations of the present dis-
closure. Many modifications and variations will be apparent
to those of ordinary skill in the art without departing from the
scope of the present disclosure. The terminology used herein
was chosen to best explain the principles of the various
embodiments, the practical application or technical improve-
ment over technologies found in the marketplace, or to enable
others of ordinary skill in the art to understand the embodi-
ments disclosed herein.

While the foregoing is directed to embodiments of the
present disclosure, other and further embodiments of the dis-
closure may be devised without departing from the scope of
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the present disclosure, and the scope of the present disclosure
is determined by the claims that follow.

What is claimed is:

1. A method, comprising:

exposing a first monomer including a primary amine func-

tional group to paraformaldehyde and a first primary
amine compound and forming a second monomer
including a 1,3,5-hexahydrotriazine group; and
polymerizing the second monomer and forming a first
polymer including the 1,3,5-hexahydrotriazine group.

2. The method of claim 1, further comprising:

exposing the first polymer to hydrogen sulfide.

3. The method of claim 1, further comprising:

exposing the first polymer to a thiol compound.

4. The method of claim 1, wherein the first monomer is one
of an amino-substituted styrene, an amino-substituted
bisphenol, an amino-substituted aromatic diol, and an amino-
substituted methacrylate.

5.The method of claim 1, wherein polymerizing the second
monomer and forming the first polymer includes a radical
initiated polymerization.

6. The method of claim 1, wherein the first primary amine
compound has the same chemical structure as the first mono-
mer.

7. The method of claim 1, wherein the 1,3,5-hexahydrotri-
azine group is pendant on the first polymer.

8. The method of claim 1, wherein the 1,3,5-hexahydrotri-
azine group is part of a crosslink in the first polymer.

9. The method of claim 1, wherein the first polymer is a
copolymer of the second monomer and a third monomer.

10. The method of claim 9, wherein the third monomer is
styrene.

11. The method of claim 1, further comprising:

exposing the first polymer to acid and forming a second

polymer including a primary amine functional group.

12. A method, comprising:

polymerizing a first monomer including a primary amine

functional group and forming a first polymer including
the primary amine functional group; and

exposing the first polymer to paraformaldehyde and a first

primary amine compound and forming a second poly-
mer including a 1,3,5-hexahydrotriazine group.

13. The method of claim 12, wherein the first primary
amine compound has the same chemical structure as the first
polymer.

14. The method of claim 12, further comprising:

exposing the second polymer to hydrogen sulfide or a thiol

compound.

15. The method of claim 12, wherein the first monomer is
one of an amino-substituted styrene, an amino-substituted
bisphenol, an amino-substituted aromatic diol, and an amino-
substituted methacrylate.

16. The method of claim 12, wherein the first polymer is
one of a block copolymer, a star polymer, a comb polymer,
and a hyperbranched polymer.

17. The method of claim 12, further comprising:

exposing the second polymer to acid and re-forming the

first polymer.



